Maturation of the cerebral cortex involves the spontaneous emergence of distinct patterns of neuronal synchronization, which regulate neuronal differentiation, synapse formation, and serve as a substrate for information processing. The intrinsic activity patterns that characterize the maturation of cortical layer 2/3 are poorly understood. By using microelectrode array recordings in vivo and in vitro, we show that this development is marked by the emergence of nested -and ␤/␥-oscillations that require NMDAand GABA A-mediated synaptic transmission. The oscillations organized as neuronal avalanches, i.e., they were synchronized across cortical sites forming diverse and millisecond-precise spatiotemporal patterns that distributed in sizes according to a power law with a slope of ؊1.5. The correspondence between nested oscillations and neuronal avalanches required activation of the dopamine D 1 receptor. We suggest that the repetitive formation of neuronal avalanches provides an intrinsic template for the selective linking of external inputs to developing superficial layers.
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dopamine ͉ in vivo ͉ multielectrode array ͉ organotypic culture ͉ rat T he development of the cortex is marked by distinct patterns of synchronized neuronal activity that emerge spontaneously, are preserved across different species, and regulate many cellular processes (1) (2) (3) (4) . In the early developing, deep cortical layers (5) , the emergent activity is characterized by spindleoscillations (Ͻ15 Hz) (2, 6, 7) . In contrast, the patterns of neuronal synchronization for the late-developing, superficial layer 2/3 are poorly understood. For the mature layer 2/3, at least two varieties of spontaneous synchronization have been reported. Fast oscillations such as ␥-oscillations (30-100 Hz) have been described in vivo (8, 9) and in vitro (10, 11) and reflect rapid neuronal synchronization that is thought to be important for sensory processing, motor activity, and cognitive functions (for the latest reviews, see refs. 12 and 13). Although ␥-oscillations are easily recognizable in the local population activity, their transient nature in the form of coherent bursts of variable duration, their amplitude modulation, and cooccurrence with ␤-oscillations (15-30 Hz) (14) has made it difficult to identify the organization of spatiotemporal patterns that emerges from this activity. We recently described another type of spatiotemporal dynamics in mature layer 2/3 of rat cortex in vitro (15) (16) (17) (18) , which we termed ''neuronal avalanches.'' Neuronal avalanches are characterized by a scaling property in which neuronal synchronization, as measured in the local field potential (LFP) at different cortical sites, emerges in the form of highly diverse spatiotemporal patterns that distribute in size s according to a power law P(s) ϰ s ␣ and ␣ ϭ Ϫ1.5. The relationship in pattern organization between coherent, oscillatory bursts and neuronal avalanches and how both activities emerge in the developing layer 2/3 is not clear.
Here, we show in vivo and in vitro that cortical layer 2/3, at the time of their maturation, establish a dynamics characterized by nested -and ␤/␥-oscillations. Importantly, the oscillations are coherent between cortical sites such that the resulting diverse spatiotemporal patterns follow the power law statistics described for neuronal avalanches. Our findings unify two seemingly different views of neuronal synchronization-oscillations and avalanches-and suggest that the superficial layers form a ''critical state'' (15, 19, 20) during cortical maturation that allows for the spontaneous, repetitive formation of diverse synchronized neuronal groups.
Results
We measured spontaneous neuronal activity in rat cortical layer 2/3 at the beginning and the end of the second week postnatal, the time of superficial layer development (8 Ϯ 1 postnatal days, P8, n ϭ 5; P13 Ϯ 2, P13, n ϭ 7). An 8 ϫ 4 microelectrode array (MEA) was inserted 1 mm deep into the somatosensory cortex of urethane-anesthetized rats (Fig. 1A ) to record spontaneous LFP activity (1-200 Hz; 4-kHz sampling per electrode).
At P8, the LFP revealed oscillatory periods lasting Ϸ200 ms that occurred at a rate of 0.86 Ϯ 0.05 s Ϫ1 on the MEA (Fig. 1C  Left) . Wavelet analysis demonstrated the presence of -(4-15 Hz), ␤-(15-30 Hz), and ␥-oscillations (30-100 Hz) during bursts (Fig. 1E Left) . At P13, bursts appeared slightly more often (1.15 Ϯ 0.1 s Ϫ1 ; P ϭ 0.04) with significantly increased amplitude (P ϭ 0.005) and durations (P ϭ 0.004) ( Fig. 1 G and H) . Importantly, between P8 and P13, the power at corresponding peak frequencies increased 10-to 50-fold for each frequency range and the bursts now clearly revealed a temporal organization of ␥-and/or ␤-oscillations nested into -oscillations ( Fig. 1 C Right, E Right, and I), which we will refer to as ''nested -and ␤/␥-oscillations.'' During the second week postnatal, the nested oscillations also became more synchronized between cortical sites (Fig. 2) . Based on wavelet analysis, we quantified the neuronal synchronization between sites for each frequency, i.e., coherence, and found significant coherence at distinct frequency peaks at P8 and P13 ( Fig. 2 A and B) ( peak ϭ 6.24 Ϯ 0.34 Hz; ␤ peak ϭ 22.63 Ϯ 0.21 Hz; ␥ peak ϭ 37.97 Ϯ 0.07 Hz). The coherence was low early during development, however, significantly increased at P13 (, 100%, P Ͻ 0.001; ␤, 50%, P Ͻ 0.001; ␥, 32%, P Ͻ 0.001) showing a clear distance dependence for each of the three frequency bands (Fig. 2C) .
The emergence of synchronized nested -and ␤/␥-oscillations during the second week postnatal could reflect a change in cortical organization or, alternatively, a change in the sensitivity to urethane anesthesia. It is well established that layer 2/3 develops in organotypic cortex cultures prepared from tissue taken at early postnatal age (10, 21, 22) . Therefore, slices of somatosensory cortex and the ventral tegmental area (VTA), which provides dopaminergic input to the cortex that facilitates the maturation of layer 2/3 fast-spiking interneurons (23) , were taken at P1-P2 and cocultured on planar 8 ϫ 8 MEAs (Fig. 1B) . Spontaneous extracellular activity in the cortex culture was recorded for up to 17 days in vitro (DIV) (Fig. 1 D and F) (n ϭ 15 cultures).
Activity before 6 DIV was low and mainly composed of sparse multiunit activity; however, oscillatory bursts in the LFP emerged at 6-8 DIV corresponding to the beginning of the second week postnatal in vivo. As found in vivo, the bursts lasted several hundreds of milliseconds and increased in amplitude and duration during the second week ( Fig. 1 G and H) . The frequency composition of bursts in vitro also paralleled our findings in vivo. The bursts at 6 DIV were composed of nested -and ␤/␥-oscillations that rapidly increased in power by an order of magnitude within the first half of the second week in culture ( Fig.  1 F and I) . Two-dimensional current-source density analysis (see Fig. S1 ] demonstrated that the nested oscillations were located in the upper region of the cortical culture, which corresponds to cortical layer 2/3 (21). These similarities in our in vivo and in vitro experiments support the idea that the emergence of nestedand ␤/␥-oscillations reflects the development of layer 2/3.
Materials and Methods) [supporting information (SI)
Nested -and ␤/␥-Oscillations Carry the Signature of Neuronal Avalanches. The transient nature and amplitude modulation of the coherent, nested oscillations suggest an underlying diversity in neuronal activity. We therefore recorded simultaneously multiunit activity (MU) (0.3-3 kHz) and the LFP at each electrode and calculated spike-triggered LFP averages. We consistently found in vivo and in vitro that the preferred time of neuronal spiking correlated with negative LFP deflections (nLFP) (Fig. 2D and Fig. S2 ) (n ϭ 3 rats; n ϭ 4 cultures), in line with findings in vivo during ␥-activity (9, (24) (25) (26) . Correspondingly, the density of extracellular unit activity peaked clearly within Ϯ2 ms of the nLFP both in vivo and in vitro ( spatiotemporal organization of nLFPs might provide insight into the diverse spatiotemporal organization of synchronized neuronal groups in the network. Furthermore, if the size distribution of spatiotemporal nLFP clusters follows the power law P(s) ϰ s ␣ , ␣ ϭ Ϫ1.5, the diversity would be similar to that described for neuronal avalanches (16) (17) (18) . We therefore first identified nLFPs at each electrode by negative threshold crossing and combined all nLFPs on the array (Fig. 3A Top) into a raster of nLFP times with corresponding amplitudes (Fig. 3A Middle) . We then binned the raster at the temporal resolution ⌬t avg , which is the average time between successive nLFPs on the array (⌬t avg ϭ 3.70 Ϯ 0.33 ms, P8; 2.01 Ϯ 0.21 ms, P13; P ϭ 0.01) (see Materials and Methods) (16) . Finally, we concatenated nLFPs on successive time bins of width ⌬t avg into nLFP clusters until a time bin with no nLFP was encountered (Fig. 3A Bottom) . The size s of an nLFP cluster, either expressed as number of nLFPs, or the absolute sum of nLFP amplitudes, was calculated and the density of cluster sizes, P(s), was further examined.
At P8 in vivo, the nLFP clusters occurred at a rate of 2.4 Ϯ 0.3 s Ϫ1 , and P(s), when plotted in log-log coordinates, followed a straight line for sizes ranging from 6 to 60 V, indicating the early presence of a power law with a slope of ␣ ϭ Ϫ1.72 Ϯ 0.05 (Fig. 3C, blue) . At P13, the cluster rate had increased 10-fold (19 Ϯ 3 s Ϫ1 ; P ϭ 0.005; P8 vs. P13) and the power law relationship became more robust with a slope of ␣ ϭ Ϫ1.54 Ϯ 0.03 over the range of 8-300 V in cluster size (Fig. 3C, black) . This slope is close to the exponent of ␣ ϭ Ϫ1.5 reported previously for neuronal avalanches in mature cortex tissue (16, 18) .
The power law did not simply arise from widely varying, noisy neuronal activities within and across experiments, but instead indicated the presence of long-range spatiotemporal correlations that crucially depended on the precise phase relationships of the nested oscillations across sites. First, the power law was readily obtained for single experiments; thus, it did not result from averaging across widely different experimental out comes (Fig.  3 E and G) . Second, phase-shuffling of the oscillations in the frequency domain destroyed the power law with a corresponding loss in large nLFP clusters (Fig. 3 D-G, open red circles) . Third, similar results were obtained when cluster sizes were calculated in the form of participating electrodes per cluster, which measures the spatial extend of a cluster, i.e., cluster area ( Fig. 3 E  and F) . The correspondence between the nested oscillations and neuronal avalanches was demonstrated also in vitro in the cortex-VTA cocultures. For cultures older than 9 DIV, a power law ranging from 10 to Ϸ10,000 V described the distribution of nLFP cluster size s with a corresponding slope value of ␣ ϭ Ϫ1.53 Ϯ 0.02, which, again, is close to Ϫ1.5 (Fig. 3H) (n ϭ 15 cultures) (see also Fig. S3) . Finally, the lifetime distribution for neuronal avalanches arising from nested oscillations in vivo and in vitro was also in accordance with the lifetimes of neuronal avalanches in mature cortex (Fig. S4) . These results established a clear correspondence between neuronal avalanches as described for the mature cortex and coherent nested /␥-oscillations during the development of superficial layers.
Nested -and ␤/␥-Oscillations Require GABAA and Glutamate NMDA Receptor Activation. We then identified the pharmacological profile of the nested oscillations to better understand their dependence on the properties of the cortical network. Blockade of fast inhibition by using the GABA A receptor antagonist picrotoxin (10 M) changed the sinusoidal-like nested oscillations into prolonged periods of ictal-like, sharp waves (Fig.  4A) . Correspondingly, the relatively narrow and well defined ␥-frequency peak in the power spectrum broadened substantially with a reduction in peak frequency (P ϭ 0.03, n ϭ 3) and power (Fig. 4 A-D) (P ϭ 0.02), whereas the power for the peak ␤-frequency increased (Fig. 4D ) (P ϭ 0.008). As reported for mature cortex (18) , picrotoxin also destroyed the power law in avalanche size distribution and supported a preferential increase in large avalanches (Fig. 4E) .
The nested oscillations also depended on glutamatergic synaptic transmission. The glutamate NMDA receptor antagonist DL-2-amino-5-phosphonopentanoic acid (AP5) (50 M) abolished ␥-oscillations by reducing the power at the peak ␥-and ␤-frequency by 80 and 50%, respectively (Fig. 4D ) (P ϭ 0.01, P ϭ 0.02, n ϭ 3) without changing the peak frequencies (Fig. 4C) . Correspondingly, blockade of the NMDA receptor abolished the power law (Fig. 4E) . In contrast, the AMPA receptor antagonist 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) (10 M), whereas reducing the peak ␥-frequency by Ϸ10 Hz, did not change the ␥-power (P ϭ 0.01, n ϭ 3) and maintained the power law in avalanche size with a slope ␣ near Ϫ1.5 (Fig. 4 B and E) (Ϫ1.59 Ϯ 0.02, pre; Ϫ1.66 Ϯ 0.05, drug; Ϫ1.63 Ϯ 0.04, post) (P ϭ 0.6). Blockade of fast glutamatergic and GABAergic inhibition did not induce significant changes in the -frequency range.
The maturation of layer 2/3 in rat cortex involves a shift from gap junction (27, 28) to chemical synapse-mediated communication (29) . In line with this transition, the gap junction blocker carbenoxolone, which reduces fast oscillations in entorhinal cortex at 0.1 mM (11), did not affect the nested oscillations at this concentration (n ϭ 3) (Fig. S5) . Finally, because our mesencephalic VTA slice might have included cholinergic subcortical tissue, we also tested for the effect of muscarinic (M 1 ) receptors, which are reported to induce cortical ␤-and ␥-oscillations during the first week postnatal (30) . However, the cholinergic M 1 receptor antagonist pirenzepine did not affect the nested oscillations in cortical layer 2/3 (10 M; n ϭ 3) (Fig. S5) .
To summarize, the pharmacological profile of the nested oscillations and neuronal avalanches demonstrate that this dynamics arises from an immature excitatory-inhibitory network with a dominance of GABA A and glutamate NMDA receptormediated synaptic transmission that is independent of gapjunction coupling. Dopamine Regulates the Correspondence Between Nested Oscillations and Avalanches. In the adult cortex, dopamine D 1 receptor stimulation regulates neuronal avalanche formation (16) and increases pyramidal cell to fast-spiking interneuron coupling (31) that facilitates the formation of ␥-oscillations (32). We therefore tested whether the neuromodulator dopamine regulates the correspondence between nested oscillations and neuronal avalanches early during development. Indeed, we found in vivo and in vitro that the dopamine D 1 
receptor antagonist R(ϩ)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-
1H-3-benzazepine hydrochloride (SCH23390) (20 M) selectively reduced the ␥-oscillation power (Fig. 5 A, D , and E) (␥: Ϫ33%, P ϭ 0.01, Ϫ61%, P ϭ 0.03; n ϭ 5 in vivo; n ϭ 6 in vitro). Importantly, the antagonist made the avalanche size distribution steeper (Fig. 5 B and C) (␣ ϭ Ϫ1.74 Ϯ 0.02, P ϭ 0.003, in vivo; For better visualization, each distribution was normalized to the maximum value of P and transformed by P 3 P ⅐ s Ϫ␣ (␣ taken from precondition). This transformation changes the power law into a horizontal distribution.
␣ ϭ Ϫ1.60 Ϯ 0.03, P ϭ 0.006, in vitro), indicating a relative reduction of large avalanches, and significantly reduced the coherence of ␥-oscillations for all distances on the array (Fig. 5F ) (in vivo: mean ϭ Ϫ32%, P Ͻ 0.001; in vitro: mean ϭ Ϫ40%, P ϭ 0.005). The antagonist did not change oscillatory burst amplitudes, nor burst durations in vivo or in vitro (P ϭ 0.88, P ϭ 0.43). Whereas a small reduction in power was also observed in the ␤-frequency band (in vivo: Ϫ17%, P ϭ 0.03; in vitro: Ϫ30%, P ϭ 0.3), no reduction was observed in the -frequency band (in vivo: P ϭ 0.3; in vitro: P ϭ 0.16). In contrast, the dopamine D 2 receptor antagonist sulpiride did not significantly alter the avalanche size distribution or oscillatory bursts (Fig. S6) . These findings establish a developmental role for dopamine for the emergence of nested oscillations and neuronal avalanches.
Discussion
We demonstrated that coherent -and ␤/␥-oscillations spontaneously emerged during the formation of superficial cortical layers and that the resulting spatiotemporal patterns of neuronal synchronization were equivalent to neuronal avalanches. Thus, the transient nature of the coherent, oscillatory bursts results in diverse spatiotemporal activity patterns that follow a precise scaling relationship given by the power law in pattern sizes with an exponent of Ϫ1.5 (15).
Earlier studies have shown coherent oscillations in the form of spindle bursts or delta-brushes during cortex development in vivo and in vitro (2, 6, 7) . Spindle bursts occur during the first week postnatal, are located in deep cortical layers, show a low frequency range (5-25 Hz), and only weakly depend on the GABA A and NMDA receptor. In contrast, the nested -and ␤/␥-oscillations reported in the present study emerge during the second week postnatal in superficial layers, cover a frequency range from 4 to 100 Hz, and depend on the GABA A and glutamate NMDA receptor. Correspondingly, the fast time course of the nested -and ␤/␥-oscillations requires a mature GABAergic system (33) that develops between P10 and P15 in rat cortex (34) . The differential effect of GABA A blockade on ␥-and ␤-oscillations in the current study has also been found for kainate-induced cortical ␤/␥-activity in vitro for later developmental stages (35) . The reduction in ␥-oscillations is in line with an inhibitory interneuron microcircuit in layer 2/3 that is responsible for ␥-activity (32) . The enhancement of ␤-power could result from a change in local microcircuit dynamics (36) , an ''uncovering'' of ␤-generation from deeper layers (35) , or simply reflect a frequency component arising from the ictal spikes. The sensitivity of the dynamics to the NMDA and not the AMPA receptor antagonists early during development suggests an immature glutamatergic network (4), whose temporal dynamics is mainly determined by the fast inhibition. Our results also established that this immature network requires dopamine D 1 receptor activation to maintain the correspondence between nested oscillations and neuronal avalanches.
The linking of the coherence of the fast ␤/␥-oscillations to an absolute criterion, i.e., the power law exponent ␣ ϭ Ϫ1.5, might allow for a simple and direct evaluation of the amount of oscillation synchrony necessary to maintain the default network state of cortical layer 2/3. Conversely, a deviation from ␣ ϭ Ϫ1.5 could identify pathological conditions related to ␥-oscillations, NMDA receptor functioning, and/or dopamine during development, as, e.g., suggested for schizophrenia (37, 38) .
The neuronal avalanches capture a large variety of spatiotemporal patterns. In the temporal domain these patterns range from ''instantaneous synchronization,'' i.e., when all nLFPs are in one time bin, to ''sequential synchronization'' (39) when each nLFP occupies exactly one time bin. In the spatial domain, the patterns can include just one or all sites in the network. In contrast, coherent oscillations in a homogenous medium produce much simpler patterns, for example, stationary or traveling waves. Such waves would represent synchronized or successive activation of neurons at all sites in the network at every cycle of the oscillation: a relatively simple pattern. Our findings suggest that coherent oscillations in superficial layers coexist with complex spatiotemporal patterns whose diversity is quantified by the power law in pattern size distribution. Thus, the network dynamics produces avalanches that approximately repeat at peak ␤/␥-oscillation frequency where spatial patterns for all sizes n ϫ s are n Ϫ1.5 less likely to occur than patterns of size s (n is a constant; see also ref. 15) .
Although power laws in event size distributions can result from various mechanisms (40) , such distributions will arise when a system is in a ''critical state'' as pioneered by complex systems research in statistical physics (19, 41) . Critical state dynamics allows local events to percolate through the system: although the most likely event in the system is local, i.e., of relatively small size, large events that engage many sites cannot be ignored. Such an organization of cortical activity, which is regulated homeostatically (42) , differs profoundly from disinhibited activity, where most events are either small and local or very large and engage most of the network resulting in bimodal event size distributions (18) . Neuronal modeling suggests that networks in a critical state optimize information transfer and the dynamical range of inputoutput processing (18, 43, 44) , increase speed and complexity of neuronal pattern formation (45, 46) , and allow for diverse and precise network synchronization in the absence of epilepsy (17, 18) . These aspects could be of importance as the emergence of the neuronal avalanches and nested -and ␤/␥-oscillations during the late second week postnatal coincides with the development of sensory maps in superficial layers (47) . Importantly, the transient nature of the nested oscillations results in a repetitive formation of diverse avalanches within a short period. Such a repetition might efficiently link external inputs to spatially diverse, but synchronized neuronal groups in superficial layers.
Materials and Methods
Rats were anesthetized with urethane (1.25-1.75 g/kg body weight, i.p.). The MEA (Neuronexus Technologies) was inserted in the coronal plane into the somatosensory cortex (Ϸ3 mm lateral, 1 mm caudal to bregma) (Fig. 1 A) . The animal was hydrated frequently (Ringer's lactate solution; 0.5-1 ml/h, i.p.) and was monitored for respiratory rate (80 -120/min), tail color, and tail pinch reflex. Anesthesia was maintained with supplemental doses of urethane (Ϸ0.25 g/kg). After the recordings, the brains were fixed in paraformaldehyde, sectioned, and Nissl-stained to reconstruct the electrode locations. Coronal slices from rat somatosensory cortex (350 m thick) and the VTA (500 m thick) were taken from pups (P0 -P2; Sprague-Dawley), placed on a poly-D-lysinecoated 8 ϫ 8 planar MEA (MultiChannelSystems), cocultured, and recorded in standard culture medium (42) . Drugs were either applied topically to the cortex surface (in vivo) or bath-applied (in vitro). One hour/4 h of predrug condition were followed by 15 min/4 h of drug application, followed by up to 1 h/4 h of wash (in vivo/in vitro). SCH23390 (20 M; Sigma-Aldrich) was dissolved in PBS and sulpiride (20 M; RBI) was dissolved in DMSO and further diluted in PBS (Ϸ0.01% final concentration of DMSO).
A Morlet-wavelet (12 suboctaves) was used for frequency and coherence analysis. From the time-averaged wavelet spectrum, the corresponding peak power and frequency was calculated within the -, ␤-, and ␥-frequency bands. Coherence was estimated as the average coherence between the cortical sites with the largest nLFP in relation to all other active sites per nested oscillation period.
For neuronal avalanche analysis (16, 18) , nLFPs were identified by threshold crossing (Ϫ4SD at P8 Ϯ 1, Ϫ3SD at P13 in vivo, and Ϫ3SD in vitro) (Fig. 3) and were grouped into clusters for successive time bins of duration ⌬t avg. The slope ␣ was obtained by linear regression from the cluster size distributions. For further details, see SI Text.
